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We report direct observations of anomalous magnetic-field and temperature dependences of the
Shubnikov–de Haas oscillations in the organic superconductor b9-(BEDT-TTF)2SF5CH2CF2SO3. Unlike
other BEDT-TTF based organic superconductors, a nonmetallic temperature dependence of the background
magnetoresistance is clearly observed. It is speculated that the nonmetallic behavior may arise from a partial
nesting of the open orbits, similar to the field-induced density wave in the quasi-one-dimensional systems or a
charge localization. The analysis of the magnetoresistance oscillations are found to deviate from the conven-
tional Lifshitz-Kosevich description at high field and low temperatures. @S0163-1829~99!05433-8#
BEDT-TTF @bis~ethylenedithio!tetrathiafulvalene# based
organic superconductors have been of great interest since
their discovery in early 1980’s. The charge transfer salts
(BEDT-TTF)2X consist of alternating layers of BEDT-TTF
molecules ~electron donors! and X molecules ~electron ac-
ceptors!. The layered structure plus a typically simple Fermi
surface make them ideal candidates to study the low-
temperature electronic properties via the de Haas–van Al-
phen ~dHvA! and the Shubnikov–de Haas effect ~SdH!.
Much experimental effort has been devoted to such studies in
the organic superconductors to correlate with band structure
calculations.1–9
In this paper, we report direct experimental evidence of a
possible field induced metal-insulator transition at low tem-
peratures in the recently discovered all organic supercon-
ductor b9-(BEDT-TTF)2SF5CH2CF2SO3. Resistance mea-
surements at low temperatures show a nonmetallic
temperature dependence of the background magnetoresis-
tance. This is in sharp contrast with other known organic
metals where the background resistance in the SdH oscilla-
tion decreases or saturates with decreasing temperature. It is
speculated that this might be due to a formation of a field-
induced density wave of the open bands at low temperatures
and high fields or a possible field induced localization of
charges carriers. Analysis of the SdH oscillation shows clear
deviation from the three dimensional ~3D! Lifshitz-Kosevich
theory at low temperatures and high fields.
Single crystals of b9-(BEDT-TTF)2SF5CH2CF2SO3
were synthesized by a electrocrystallization technique de-
scribed elsewhere.10 Several crystals were used in these mea-
surements with average dimensions of 130.730.3 mm,
with superconducting transition temperatures Tc;5 K. The
Tc is defined as the midpoint in the resistive transition. The
room temperature interlayer resistivity is about 700 V cm
and the in-plane resistivity about 0.2 V cm. The resistivity
ratio between room temperature and just above supercon-
ducting transition temperature is r’(300 K)/r’(6 K)
;230. The resistance was measured with use of the four
probe technique for both interlayer and in-plane resistivity.
Contact of the gold wires to the sample was made with a
Dupont conducting paste or graphite paste. Typical contact
resistances between the gold wire and the sample were about
10 V . A current of 1 mA was used to ensure linear I-V
characteristics. The voltage was detected with a lock-in am-
plifier at low frequencies of about 312 Hz. To avoid pressure
effects due to solidification of grease, the sample was me-
chanically held by thin gold wires. The data presented in this
work are taken in a 3He-4He dilution refrigerator with field
up to 17.8 T. Magnetic field is applied perpendicular to the
conducting planes.
Shown in Fig. 1 is an overlay of the interlayer magnetore-
sistance as a function of field at different temperatures Ta
50.660 K, 0.565 K, 0.455 K, 0.218 K, 80 mK, and 47 mK.
Toward the high field the curves shifts upward with decreas-
ing temperature. At high temperatures, the interlayer magne-
toresistance displays a peak as a function of field for H
,3T . The peak disappears for T%0.455 K. Commencing at
about H54 T, SdH oscillations can be clearly observed
with the oscillation frequency at 200 T or D(1/H)
50.05 T21. The inset shows the extrapolation of the back-
ground magnetoresistance at high field. For each tempera-
ture, the peak ~valley! field and resistance are picked from
the
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experimental data and fitted to a simple quadratic expression
Rpeak,valley(H)5a1bH1cH2, as shown by the envelopes.
The background resistance R0 is taken as the average of the
two functions and the oscillation amplitude as the difference.
Alternatively, the background magnetoresistance can also be
obtained by a least square fit of the raw data over a limited
field range. For a given field range, the two approaches give
similar results. It should be mentioned that similar field and
temperature dependences of magnetoresistance oscillations
have been observed for the in-plane resistance, except that
there is no magnetoresistance peak in the low-field region.
Shown in Fig. 2 is a plot of the background magnetore-
sistance as a function of temperature at various fields from 9
to 17 T with an increment of 1 T. The curves shift upwards
with increasing field. At a fixed field, the resistance increases
with decreasing temperature and tends to saturate at very low
temperatures. Shown in the upper right inset is the change of
magnetoresistance DR5(Rpeak2Rvalley)/2 as a function of
temeprature for the same fields as in Fig. 2. With decreasing
temperature, both the oscillation amplitude DR and the back-
ground resistance increase. The upper right inset shows the
relative change of the DR/R0 at three fields H59, 12, and
17 T. Notice these fields are used for simplicity of analysis,
they do not correspond to the experimental peak fields. With
increasing field, DR/R0 shows increasingly stronger de-
crease at low temperatures.
The b9-(BEDT-TTF)2SF5CH2CF2SO3 is to our knowl-
edge the first BEDT-TTF based organic superconductors dis-
playing an increasing background magnetoresistance
with decreasing temperature. In the well studied
k-(BEDT-TTF)2Cu(NCS)2 salt,1 the background magne-
toresistance is relatively constant for temperature below 4 K
and shows a tendency of saturation with field below 30 T.
Recent studies in the k-(BEDT-TTF)2Cu@N(CN)2Br# salt
shows a monotonic decrease of background magnetoresis-
tance with decreasing temperature.7,8 Similar metallic tem-
perature dependence of the background resistance has been
found for k-(BEDT-TTF)2I3.2 Although a somewhat similar
semiconducting background magnetoresistance has been re-
ported in the isostructural (BEDO-TTF)2ReO4 H2O
@bis~ethylenedioxy!tetrathiafulvalene#,11 the latter compound
undergoes a metal-insulator transition at around 35 K at am-
bient pressure. No transport anomaly has been observed from
room temperature down to the superconducting transition in
the present system. It should be noted that the nonmetallic
temperature dependence of the background in the present
compound is only observed at low temperatures and high
fields. Resistance measurements at temperatures above 2 K
show a metallic temperature dependence for fields up to 8
T.12
Unlike the k-(BEDT-TTF)2Cu(NCS)2 salt, the SdH os-
cillation displays a clear deviation from the conventional
Lifshitz-Kosevich ~LK! description in its field and tempera-
ture dependence.13 Shown in Figs. 3~a! and 3~b! are overlays
of the relative changes of the conductance Ds/s as a func-
tion of field at different temperatures T50.65, 0.45, 0.22,
and 0.047 K, here Ds/s5@1/R(H)21/R0(H)#/@1/R0(H)#
5R0(H)/R(H)21. R0(H) is the background resistance ex-
trapolated from a least square fit for the specified field range.
At low field (6 T,H,8 T) as shown in Fig. 3~a!, Ds/s
increases with decreasing temperature, in accord with the LK
theory for a three-dimensional ~3D! metals. By treating the
relative change in conductivity as having the same tempera-
ture and field dependence as the magnetization, one can
write
Ds
s
}
T exp~2amcTD /H !
AHsinh~amcT/H !
sin~2pF/H1g!. ~1!
Here a52p2kBme /e\514.69 T/K, mc5mc /me , the
relative cyclotron mass. The oscillation frequency is given
by F5(\/2pe)S with S being the extremal cross section of
the Fermi surface. TD is the Dingle temperature defined as
\/2pkBt , t is the electron scattering time. For constant H,
the Ds/s increases with decreasing T and saturates in the
T0 limit. The expression has been used extensively in
mapping out the Fermi surface in the organic metals and an
FIG. 1. Field dependence of the interlayer resistance at different
temperatures. The inset shows the extrapolation of the background
resistance.
FIG. 2. Temperature dependence of the background magnetore-
sistance at different fields. The upper left inset shows the extrapo-
lated peak amplitude as a function of T and H. The upper right inset
shows the relative change of resistance as a function of T at H59,
12, and 17 T.
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overall excellent agreement with direct magnetic dHvA mea-
surements has been found.9
Figure 3~b! shows the high field (12 T,H,17 T) de-
pendence of Ds/s for the same temperatures as in Fig. 3~a!.
However, unlike in the previous case, Ds/s decreases with
decreasing temperatures, especially in the high field end. For
example, the peak amplitude is over 20% smaller at 47 mK
than at 0.45 K for H between 16 and 17 T. This is in sharp
contrast with the LK theory.
Shown in Fig. 4 is a plot of the FFT amplitude of Ds/s
as a function of temperature at different fields H56, 9, and
12 T. The solid lines are fits to Eq. ~1!. Clearly, a good fit is
obtained for H56 T. The fit gives an effective mass of
2.060.1me . At higher fields H59 and 12 T, only points at
high temperatures can be fit. The fits give the same mc
52.060.1 with the curves deviating from the data at corre-
sponding higher temperatures. The Dingle temperature ex-
trapolated from fitting the low field data gives a TD
’0.5 K. Similar results at high temperatures (T.0.5 K)
and high fields ~up to 30 T! have been reported.14,15 At
higher temperatures, the characteristic field, where deviation
from the LK theory occurs, is higher.15 The difference be-
tween the FFT results and the relative changes shown in Fig.
2 is that the FFT amplitude is calculated for a field spread of
1 T around the target field, while the previous data were
obtained by using the envelop calculations. Nevertheless, the
systematic field and temperature dependence are the same for
both approaches.
The deviation from the LK description indicates either
the strong 2D nature of the compound studied or inapp-
ropriate analysis of the Ds/s . In comparison with other
well studied 2D BEDT-TTF based salts, the present salt
has one of the lowest ambient pressure effective mass of
about 2me . The effective mass for k-(BEDT-TTF)2I3
is 1.9 me for the small orbit and 3.9me for the large
orbit.2 For k-(BEDT-TTF)2Cu(NCS)2, it is 3.5me for the
small orbit and 7me for the large orbit.1 For
k-(BEDT-TTF)2Cu@N(CN)2#Br, only m’6me for the large
orbit is found.6,8
The oscillation frequency is among the lowest with F
5200 T. In comparison, the a orbit has F5598 T while b
orbit has F53800 T for the k-(BEDT-TTF)2Cu(NCS)2
salt and similar values of 570 and 3800 T for the two
orbits for the k-(BEDT-TTF)2I3 salt. This corresponds
to a Fermi surface roughly three times smaller than that
of the a orbit in the k-phase salt. Note that the measured
Fermi surface is approximately 1/5 of that from the
band structure calculation.10 More careful calculation
using double-zeta Slater type orbitals may be necessary to
verify the discrepancy. It should also be pointed out that
very slow oscillations have been observed under
pressure in the k-(BEDT-TTF)2Cu2(CN)3 ~Ref. 16! and
k-(BEDT-TTF)2Cu@N(CN)2#Br ~Ref. 6,8! compounds ac-
companied by fast oscillations. However, there is no other
oscillation frequency reported in the present compound for
field up to 30 T.15
The origin of the insulating behavior is not clear. One
possibility is that a density wave is developed at low tem-
peratures and high fields. In the 2D
a-(BEDT-TTF)2MHg(SCN)4 with M5K, Rb, and Tl, a
spin density wave is presumably observed at 8–10 K with a
corresponding hump in resistivity.3–6 At high fields, the spin
density wave is suppressed and a field induced insulator-to-
metal transition has been observed. In a quasi-1D system
such as (TMTSF)2X with X5PF6 , ClO4, a field induced
spin density wave has been observed.17,18 The effect of mag-
netic field is to reduce the dimensionality of the electronic
system. Magnetic field forces the electrons moving along
open orbits to oscillate in the perpendicular direction of finite
width. With increasing field, the width decreases and the
charges are moving along an increasingly more 1D orbit,
thus leading to the formation of a density wave. Band struc-
ture calculations predict the presence of open orbits in the
studied compound.14 With increasing field, it is possible that
partial nesting can rise from the open bands, resulting in a
semiconductinglike temperature dependence of the back-
ground magnetoresistance. In an ideal case the open bands
contribute to the background magnetoresistance and the
closed bands give rise to the SdH oscillation. The qua-
FIG. 3. ~a! Field dependence ~6–8 T! of the relative conduc-
tance at different temperatures. ~b! Field dependence ~12–17 T! of
the relative conductance at different temperatures.
FIG. 4. Temperature dependence of the FFT amplitude at dif-
ferent fields. The lines are fits to LK theory.
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dratic field dependence is generally consistent with the pres-
ence of open bands and this may also explain the nor-
mally large positive magnetoresistance observed in the
a-(BEDT-TTF)2MHg(SCN)4 , k-(BEDT-TTF)2Cu(NCS)2,
and k-(BEDT-TTF)2I3 salts. The absence of the semicon-
ducting temperature dependence in the k salts may be related
intrinsically to the feasibility of nesting of open bands. In the
case of k-(BEDT-TTF)2I3, magnetic breakdown with an on-
set field of a few T due to the small energy gap between the
closed and open orbits destroys any possible nesting. The
absence of a thermally activated temperature dependence of
the background resistance in the present compound suggests
a partial nesting of the open bands, instead of a fully gaped
state.
Another possibility is a field induced localization of
charge carriers.19,20 Since electrons are strongly confined in
the Landau tubes, scattering is necessary for charge conduc-
tion unlike the conventional metals. With increasing tem-
perature, thermal scattering increases, thus leading to a
smaller resistance. This is somewhat similar to the case of
weak localization where thermally activated hopping is the
dominating mechanism for conduction. While the argument
should be true for the other salts, it is possible that the title
compound has a much smaller Fermi surface. For example,
at 18 T, the highest occupied Landau orbits has n511, while
a similar field for the k-phase salts will yield n.33. The
small Landau index may be responsible for the pronounced
localization effect. However, the temperature dependence of
the background resistance is uncharacteristic of a weakly lo-
calized system.19,20
Because of the anomalous field and temperature depen-
dence of the background magnetoresistance, the analysis of
the Ds/s in terms of LK theory is questionable, especially if
there is an appreciable contribution of the open orbit to the
conductivity. However, the fact that Ds/s can be reasonably
described by the LK theory at high temperature and low field
suggests otherwise. The deviation from the LK model at low
temperature and high field seems to be consistent with the
2D nature of the compound or a larger contribution from the
open band at high field. Similar deviations have been ob-
served in k-(BEDT-TTF)2I3.2
In summary, we have reported a field induced metal-
insulator transition in the all organic superconductor
b9-(BEDT-TTF)2SF5CH2CF2SO3. The results are drasti-
cally different from the other BEDT-TTF based organic su-
perconductors, where metallic temperature dependence of
the background magnetoresistance has been observed.
Analysis in terms of Ds/s shows strong deviations from the
LK description of the SdH oscillations at high field and low
temperatures. The origin remains unclear. It is proposed that
the background magnetoresistance may be related to the
open band contribution and the nonmetallic nature could
arise from partial nesting of the open orbits and consequently
the formation of field induced density wave at low tempera-
tures and high fields. Field induced localization is also a
possible candidate for the observed anomalous magnetoresis-
tance. Further investigation is necessary to clarify the mecha-
nism.
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